Abstract-This paper presents the comparisons of five-phase external rotor permanent magnet assisted synchronous reluctance motors (PMa-SynRMs) with neodymium (Nd) and ferrite (Fe) based PMs. Five-phase PMa-SynRMs, in general, have been proposed as an alternative to conventional three-phase motors utilized in automobile applications. However, with increased attention towards higher torque density and lower torque pulsations in electric motor designs, five-phase external rotor PMa-SynRMs can be highly attractive. In addition to increased fault tolerance and reliability of five-phase PMa-SynRMs, an adaptation of external rotor design can significantly increase the average torque developed with reduced torque pulsations and back-electromotive force (EMF) harmonics. However, with the design complexity involved in such high performance five-phase PMa-SynRM designs, the shape of flux barrier and choice of PMs have been one of the main challenges. In this study, novel five-phase external rotor PMa-SynRM designs with optimal flux barrier number and shape with Nd and Fe PMs are presented. Finite element simulations are conducted on the 2-D designs to compare their performance characteristics such as torque developed, torque pulsations, structural stability, thermal heat flow, demagnetization effects, and back-EMF harmonics. Optimal 3.8 kW Nd-based and 3.7 kW Fe-based five-phase external rotor PMa-SynRM designs are fabricated, and experimental tests are conducted on the prototypes to compare the results with a benchmark internal rotor PMa-SynRM.
more electric aircraft due to their high power density capability. Tremendous research efforts have been dedicated to developing high torque density electric motor designs with low torque ripple for such traction applications. Popularly, brushless dc permanent magnet (PM) motors [1] , surface mounted permanent magnet (SPM) motors, interior permanent magnet (IPM) motors, [2] and switched reluctance motors [3] have been proposed as suitable for in-wheel motors. In recent years, the internal rotor permanent magnet assisted synchronous reluctance motor (PMa-SynRM) has been widely applied for such traction motor applications as it has a hybrid motor design, which adjoins advantages of IPM and synchronous reluctance motors (SynRMs) such as low cost, low PM composition, high torque density, and high efficiency [4] . However, an external rotor PMa-SynRM can provide additional advantages such as the in-wheel direct drive capability, elimination of mechanical differential in propulsion systems, and space constraints. In addition, internal rotor traction motors that are currently utilized in automotive industry require unique gear system which occupies larger space and reduces overall efficiency [5] , [6] .
Increasing torque density with low torque ripple in PMaSynRMs has still been a challenging issue due to high saliency and complex flux barrier design. Several design techniques have been proposed to increase the torque density in traction motor designs. In [5] , in-wheel direct drive with axial flux permanent magnet type outer rotor motor has been designed for propulsion systems in HEVs. A three-phase hub motor with transverse flux machine design was considered as a reference high torque density motor and was compared with various configurations of axial flux, flux switching, and IPM motors [6] . In [7] , a multiphase IPM motor with six-phases, 18 slots, and 8 poles has been proposed to increase the power/torque density with fault tolerant capability for electric traction applications. Though SPM and IPM motors have been able to develop high power density they utilize a large amount of PMs in comparison to PMa-SynRMs. Furthermore, adoption of multiphase excitation system to IPM motors has proven superior fault tolerant capability, reduced torque ripple [8] , [9] , and reduced space magnetomotive force (MMF) harmonics [10] . Considering the above advantages in the literature, a multiphase external rotor PMa-SynRM can be optimally designed with the inherent fault-tolerant capability to solve the high power density requirement while limiting the PM composition and torque pulsations.
In order to develop high power density, the IPM and SPM machine designs use rare earth material based PMs such as neodymium-ferrite-boron (NdFeB) grades as they have high BH energy product with least possible demagnetization occurrence at higher currents [11] . However, NdFeB magnets have higher material costs when compared to ferrite-based ceramic grade magnets. Furthermore, optimized IPM and PMa-SynRM machine designs with ferrite magnets have been proposed to achieve the power density capability of rare earth magnet based machine designs [12] .
In addition to the increased torque density requirement, most of the EV applications require minimum torque ripple. In [13] and [14] , torque ripple reduction in PMa-SynRMs based on flux barrier number, angle, and PM shape optimization is proposed. As discussed in [15] , three-layer flux barriers with ferrite magnets inset into the optimal SynRM rotor has resulted in 13% torque ripple. Further increase in PM height has increased the torque ripple. In [16] , optimization of two-layer flux barrier angles and shape with R&J and Machaon rotors has resulted in a reduction of average torque and decrease in torque ripple, respectively. Optimal merge of these two-layer flux barrier configurations has assisted in an increase in average torque with decreased torque ripple. A novel single-layer flux barrier with a V-shaped magnet and circular magnet has been proposed in [17] , which reduced the torque ripple by about five times when compared to conventional single-layer flux barrier designs considered in the study. In addition, sinusoidal profiling of rotor has been investigated, which depicted decrease in torque developed with an increase in torque ripple. However, these studies on PMa-SynRMs are limited to internal rotor flux barrier designs. Optimization of flux barrier number, angle, and PM dimensions in external rotor PMaSynRMs has been limited in literature to the best of author's knowledge.
In this paper, an optimal single-layer flux barrier is designed with the inclusion of wedge-shaped notches (W-Notches) to incorporate high torque density with low torque ripple in fivephase external rotor PMa-SynRMs. Differential evolution (DE) algorithm is utilized to implement the optimization procedure which converges the stator and rotor optimal design parameter values based on the constraints given. The flux barrier angles determine the shape based on the average torque requirement with a constraint on the torque ripple. In order to develop high torque density external rotor PMa-SynRMs, initially, Nd-based N35 grade rare earth magnets are utilized in the PMa-SynRM. Further, rare-earth-free based design with ferrite Y32H-2 grade magnet is optimally designed to reach the performance of the rare-earth magnet based PMa-SynRM. Detailed simulation results are presented in this paper to validate the proposed theory. The superior performance characteristics of Nd and Febased five-phase external rotor PMa-SynRMs are further compared to a benchmark same size 3 kW five-phase internal rotor PMa-SynRM. 
II. OPTIMAL EXTERNAL ROTOR PMA-SYNRM DESIGNS
This section presents magnetic equivalent circuits (MECs) for the proposed five-phase external rotor PMa-SynRMs with Nd and Fe PMs. First, the design parameters to develop the optimal design have been chosen based on the stator slots and rotor flux barrier dimensions. Fig. 1(a) and (b) label some of the design parameters for Nd and Fe-based external rotor PMa-SynRMs, respectively. In order to reach the average torque requirement, the Fe magnets in Fig. 1(b) have larger flux barrier skewing angles, θ m and PM width, h m . Table I summarizes the optimally converged values from the DE optimizer. In order to reduce the torque pulsations, W-Notches are optimally designed and are discussed in further sections.
A. Magnetic Equivalent Circuits (MECs)
The optimal design procedure of Nd and Fe-based external rotor PMa-SynRMs includes developing their MECs initially. saturated lumped parameter model (LPM) is developed based on the MECs of internal rotor PM machine's flux barrier number, shape, and PM dimensions in [18] and [19] . On the basis of internal rotor LPM models, initial LPMs for external rotor PMa-SynRMs are developed for two-layer flux barriers and airgap, flux barrier, stator teeth, and rotor core reluctances are calculated numerically in [20] . In this paper, significant improvisation has been done to develop the optimal single-layer flux barrier designs for Nd and Fe-based five-phase external rotor magnetic rotor and stator potentials with respect to q-and d-axis MECs r s t i , r s y i , r r y i , and r g i stator tooth, stator core, a rotor core, and air gap reluctances where i ∈ {1, 2, 3.....n} and n is a number of slots considered are 2 as shown in Fig. 2 PMa-SynRMs. Table II represents the magnetic equivalent circuit parameters. For this given excitation, saturable d-axis inductance, as shown in (1) below, L dm can be written as follows:
where I d is the d-axis current, N a is the number of conductors, k a1 is the winding factor, and φ d is the d-axis flux. q-axis inductance, L qm , in relation to the stator and rotor MMF sources can be written as shown in (2) [20] , [28] 
Equation (3) depicts the average electromagnetic torque developed T e for five-phase external rotor PMa-SynRMs:
where p is the pole-pair number, λ PM is the PM flux linkage, L qm and L dm can be substituted from (2) and (3), respectively.
B. Optimization Using DE Algorithm
DE algorithm has been utilized in multiobjective-based optimizations due to its robust nature and effectiveness in solving optimization problems irrespective of the nature of objective functions and constraints [21] . An LPM based on the MECs of Nd and Fe-based five-phase external rotor PMa-SynRMs are developed to apply DE optimization algorithm. Five-phase internal rotor PMa-SynRM developed in [8] is utilized as the benchmark motor in this study. The design parameters are chosen in Fig. 1 is parametrically swept in a range with the following objectives and constraints.
Objectives: 1) Maximum torque >18 Nm; 2) Minimum torque ripple <5%; 3) Input current <15 A RMS. Constraints: 1) Rotor outer diameter = 190 mm; 2) Rated speed = 1800 r/min;
Based on these objectives and constraints, an objective function as shown in (4) is derived to optimize the external rotor PMa-SynRMs to develop lower torque ripple with maximum efficiency as shown in Fig. 3 . Machine loss [19] is depicted in terms of efficiency as mentioned in (5) as follows:
Objective function
where k 1 and k 2 are weighting constants which are set at 0.4 and 0.6 to obtain higher efficiency, η. P out ,P c ore , and P cu are the output power delivered, core loss, and copper loss, respectively. Eddy current losses, P m , in the magnets have been calculated to be low and assumed to be negligible compared to higher core and copper losses in the designs. As shown in (6) below, torque ripple is dependent on the stator and rotor MMF harmonics (f s,h and f r,h ) which are related to the air gap reluctances (r g ) and core reluctances in the motor. Cogging torque can be defined as (7) . It is dependent on PM magnetization length,h m , and the distribution of effective axial airgap length, g(θ, α), [22] as shown in (8) . Further optimization is necessary to have an optimal low-torque ripple and low-cogging torque designs while maintaining maximum torque and efficiency,
where p is the pole pair, g is airgap thickness, l is the active stack length, μ o is the permeability of the air, and γ d is the current phase angle from d-axis [23] T cogging = − ∂W ∂α
where W is the magnetic coenergy, and α is the rotor position. B r (θ) is the circumference distribution of the air-gap flux density at the mean radius. 
C. Torque Ripple Optimization
Airgap variation in the reluctance machines has a significant effect on the generated torque profile. In [24] [25] [26] , optimal design techniques have been proposed to reduce torque ripple based on magnet skewing, flux barrier rib and bridge shape optimizations, PM position, axial pole pairing, and investigation of nonuniform air gap in reluctance machines for traction applications. In this study, an innovative W-Notch has been introduced in external rotor PMa-SynRM designs. In collaboration with flux barrier skewing angles as shown in Fig. 4(a) , the wedge widths, w t , and lengths, l w , are parametrically swept with variations in θ m utilizing DE optimization algorithm. Converged optimal wedge and skewing design parameter values which provide low torque ripple with are presented in Fig. 4(b) . Table II summarizes the torque ripple improvement due to the inclusion of W-Notches in the external rotor PMa-SynRM designs.
Objective:
D. Winding Configuration
The Nd and Fe-based five-phase external rotor PMa-SynRMs have 12 rotor poles and 25 stator slots with distributed winding coil span 2 as shown in Fig. 5(a) and (b) , respectively. Distributed winding is chosen for the five-phase excitation in the external rotor PMa-SynRMs due to its advantages such as low backelectromotive force (EMF) harmonics and low torque ripple. As mentioned in the optimization algorithm, the main objectives of this study are to develop high torque density PMa-SynRM design with low torque ripple. Therefore, distributed winding is chosen over concentrated windings with extended end windings as tradeoff. Moreover, as shown in Table III , the optimal external rotor PMa-SynRMs have around 14% increased stator slot area in comparison to internal rotor PMa-SynRM [8] , [9] . This results in accommodating three more number of turns/coil in the stator slots. In this study, three strands of 0.95 mm thickness each are utilized for single coil turn. The outer diameter of the rotor is 190 mm that is equivalent to the stator outer diameter in the benchmark 3 kW five-phase internal rotor PMa-SynRM.
E. Core and PM Material Choice
In the external rotor PMa-SynRMs, due to higher torque density requirement, higher energy product (BH) with lowest prices should be preferred. However, Nd-based alloys in PMs have higher BH product in comparison to Fe-based ceramic magnets. In this study, to perform a fair comparison, Nd-based NdFe35 PMs are chosen for rare-earth based external rotor PMa-SynRM design and Fe-based Y32H-2 grade is chosen for rare-earth free external rotor PMa-SynRM design. The overall volume and dimensions of Y32H-2 magnets are significantly higher due to the requirement of high power density. The DE optimizer presented in the previous section, optimized the dimension of PM material in the flux barrier.
For the stator and rotor cores, with respect to high power density and low input current, 50PN600 steel has been chosen due to its higher saturation flux density of more than 2T. The optimal external rotor PMa-SynRMs have shown saturation flux density of about 1.67T at rated excitation. Fig. 6(a) -(c) presents the BH curves for the 50PN600 steel, N35 [28] , [29] , and Y32H-2 magnet grades at their highest temperatures, respectively. 50PN600 is the S23 grade steel [30] and Y32H-2 is a low-cost hard ferrite material [31] .
III. SIMULATION RESULTS
Extensive electromagnetic, structural, and thermal finite element analysis (FEA) simulations have been carried out on the optimal five-phase external rotor PMa-SynRMs. To validate the effectiveness of the optimal design, thorough electromechanical analysis with respect to demagnetization, structural, thermal, and electromagnetic performance analyses is conducted on Nd and Fe-based five-phase external rotor PMa-SynRMs.
A. Demagnetization Analysis
Nd-based magnets are more secured in terms of demagnetization capability at higher currents due to their higher conduct temperatures and lower flux density knee point as shown in Fig. 6(b) and (c) . However, the design of Fe magnet size and shape has been optimized to ensure the magnets are demagnetization proof for at least three times of rated currents [32] , [33] . In this paper, Nd and Fe-based five-phase external rotor PMaSynRM designs are excited at three times of their rated currents and simulation results are shown in Fig. 7(a) and (b) , respectively. It has been observed that the optimal Nd and Fe-based designs have not reached their knee values as shown in demagnetization curves Fig. 6(b) and (c), respectively, which ensures safer operation of the proposed motors at higher currents and temperatures.
B. Structural and Thermal Analysis
In-wheel motors applied in electric bikes, EVs, and more aircraft are usually stressed under higher speeds and torques. Such motor designs have to be tested under rated speeds before the operation. In this study, the optimal designs obtained from the DE optimizer are further analyzed to test their structural and thermal behavior under rated conditions. Figs. 8 and 9 depict the equivalent stress at a maximum speed of 10 000 r/min and temperature distribution at rated excitation in the external rotor PMa-SynRMs, respectively. It can be observed that the maximum stress point is on the rotor bridges due to the centrifugal forces acting due to the rotation. The connections between magnets and iron core are considered as bonded contacts for the simulations. Nd-based flux barrier design has approximately 20% higher maximum stress value on the rib in comparison to the Fe-based flux barrier design due to 5% higher rotor surface area which increases mass proportionally, as shown in Table III .
Furthermore, heat flow in external rotor motors is crucial as the machine is directly connected to the wheel. Based on the internal rotor thermal network, external rotor PMa-SynRM heat flow has been analytically proposed in [20] with reference to [27] . In this study, 3-D FEA utilizing ANSYS workbench is performed on Nd and Fe PMa-SynRMs. The temperature distributions at rated excitations are depicted in Fig. 9(a) and (b) for Nd and Fe PMa-SynRMs, respectively. In this study, assumptions include that the motor is under steady state rated condition with an ambient temperature of 22 o C, which is set as the boundary conditions at shaft and the outer edge of the rotor. The coil internal heat generation is imported from coupled electromagnetic FEA analysis. It can be observed that at rated excitation, the temperature variation in the optimal design is around 0.2%-0.25%, which is negligible in the steady state thermal analysis.
C. Comparisons With Internal Rotor PMa-SynRM
The five-phase external rotor PMa-SynRMs with Nd and Febased PMs have been tested under no load and full load at 1800 r/min rated speed and the results are compared with a benchmark 3 kW 15 slot 4 pole internal rotor PMa-SynRM shown in Fig. 10(a) . The cogging torque developed under no excitation has been compared between 3 kW five-phase internal rotor PMa-SynRM with NdFe35 magnets and five-phase external rotor PMa-SynRMs with NdFe35 and Y32H-2 magnets, as shown in Fig. 10(b) . The peak cogging torque of internal rotor PMa-SynRM has been improved by more than 90% in the external rotor PMa-SynRM designs. It can be considered that the peak cogging torque of 0.11 Nm in external rotor PMa-SynRMs is negligible, particularly in EVs application.
Further, under full excitation, the Nd and Fe-based external rotor PMa-SynRMs have the average torque of 19.68 and 19.2 Nm, respectively. On the other hand, the average torque developed in internal rotor PMa-SynRM is around 15.46 Nm. It can be concluded the average torque has been improved by around 24%-27% in external rotor PMa-SynRMs in comparison to the 3 kW internal rotor PMa-SynRM as shown in Fig. 10(c) . Torque ripple has been significantly improved in external rotor PMa-SynRMs. The torque ripple percentage for Nd and Fe-based external rotor PMa-SynRMs is around 5.2% while the Nd-based internal rotor PMa-SynRMs has 9.9% torque ripple as shown in Fig. 10(d) .
As shown in Table IV , the overall PM volume in Nd-based external rotor PMa-SynRM is 6.25% lower in comparison to the Nd-based internal rotor PMa-SynRM. However, the ceramic PM volume in Fe-based external rotor PMa-SynRM is almost thrice that of the internal rotor PMa-SynRM as the Y32H-2 magnets have much lower BH product.
Extensive no load analysis to depict the comparisons between Nd and Fe-based external rotor PMa-SynRMs in terms of phase back-EMFs, the line to line back-EMFs, flux linkages, and back-EMF harmonics are presented in Fig. 11 . The RMS values of phase back-EMFs in Nd and Fe-based external rotor PMa-SynRMs are 63.7 and 47 V, respectively. For the line to line back-EMFs shown in Fig. 11(b) , the RMS values are 75.32 and 58.16 V. For the flux linkages depicted in Fig. 11(c) , the peak PM flux linkages are 0.08 and 0.06 Wb for Nd and Fe-based external rotor PMa-SynRMs, respectively. In addition, the phase back-EMF harmonics presented in Fig. 11(d) explains that the second, third, and fourth har- monics are higher in Fe-based external rotor PMa-SynRM. A detailed comparison of the performance characteristics is presented in Table IV . It can be observed that with design optimization the Fe-based PMa-SynRM is able to achieve the performance characteristics to be applicable in traction applications where low cost, high reliability, and high torque density are top priorities.
IV. EXPERIMENTAL SETUP AND RESULTS
With same size and volume, 3.8 kW Nd and 3.7 kW Fe fivephase external rotor PMa-SynRMs have been fabricated. As shown in Fig. 12 (a) and (b), the external rotor PMa-SynRMs have 12 poles with magnets inserted in flux barriers and stator with 25 slots to accommodate the five-phase distributed winding with coil span 2. Neodymium-ferrite alloy, N35, and Y32H-2 grades have been utilized as the PMs in the proposed Nd and Fe PMa-SynRMs, respectively. 50PN600 steel is utilized as the stator and rotor cores to support the high torque density objective and to avoid saturation at rated excitation. Fig. 13(a) depicts an explicit view of fabricated five-phase external rotor PMa-SynRM with all the parts labeled. The shafts utilized in the prototypes for Nd and Fe external rotor PMaSynRMs are shown in Fig. 13(b) along with the fabricated prototypes in Fig. 13(c) to replicate the same size and volume of two machines.
Experimental results are conducted on the prototypes and the results are presented in Figs. 14 and 15. Figs. 14(a) and 15(a) depict the input current for Nd and Fe external rotor PMaSynRMs at approximately half rated excitation RMS current, respectively. Figs. 14(b) and 15(b) present the torque developed at this excitation and it can be observed that the Fe-based PMaSynRM generates higher torque in comparison to Nd PMaSynRM only due to the higher input excitation current in Fe PMa-SynRM.
No load experimental tests are conducted on the prototypes at 1800 r/min, and the results are presented in Figs. 14(c), (d), and 15(c), (d) for Nd and Fe external rotor PMa-SynRMs, respectively. The cogging torque at low constant rotational speed is measured and is presented in Figs. 14(c) and 15(c). The average cogging torque in the measured waveform is not zero due to the presence of constant load torque on the shaft during measurement. Figs. 14(d) and 15(d) show the no-load line to line back-EMF between phase-A and phase-B, respectively. It has been observed that the RMS value of no-load line to line back-EMF is around 75.6 V for Nd PMa-SynRM and 58.4 V for Fe PMa-SynRM. The difference is due to the input current requirement of the optimal design, as the Fe-based design has optimal RMS value of 10.5 A phase RMS current while that of Nd-based design has 9 A RMS. Waveforms presented in Figs. 14(d) and 15(d) successfully validated the simulation results presented in Fig. 11 with a minimal error of less than 0.5% which is acceptable due to precision manufacturing requirement of the optimal designs. Test setup utilized in this paper to test the external rotor PMa-SynRMs includes the 3.8 kW dynamo systems as shown in Fig. 16 . No load tests have been successfully completed on the prototypes and the results are compared between Nd and Fe PMa-SynRMs. 
V. CONCLUSION
In this paper, detailed design and performance comparisons between rare-earth and rare-earth free five-phase external rotor PMa-SynRMs has been presented. The rare-earth free Fe-based PMa-SynRM has shown comparable performance in developed average torque, torque pulsations, cogging torque, and back-EMF harmonics when compared to rare-earth-based Nd PMaSynRM. However, the design of Fe-based external rotor motors included challenges such as increased input current by 16.67% when compared to Nd-based design. Further, increase in PM volume is inevitable for the Fe-based PMa-SynRM. In this study, Fe magnet volume is 212% higher when compared to Nd-based external rotor PMa-SynRM design. As supported by the results, it can be concluded that the external rotor PMa-SynRMs have high torque density with low torque ripple and low cogging torque in comparison to benchmark internal rotor PMa-SynRM. Moreover, the optimal external rotor PMa-SynRMs are stable in terms of demagnetization, structural, and thermal endurance at rated conditions which make them ideal candidates for in-wheel motor applications.
